1. Action potential (AP)-induced fluorescence transients were measured, using Ca2+ indicators and a spot-detection method, at single nerve terminals of a cultured Xenopus neuromuscular junction preparation with simultaneous measurement of neurotransmitter release.
5. We conclude that the use of localized optical detection coupled with low affinity Ca2+ indicators can help elucidate rapid changes in presynaptic [Ca2+] dynamics underlying evoked neurotransmitter release.
In 'fast' synapses, the action potential (AP)-induced release of neurotransmitter occurs within a millisecond and depends on the entry of Ca2+ into the nerve terminal (Katz, 1969) . According to the modern view of the Ca2+ hypothesis of neurotransmission (Augustine, Charlton & Smith, 1987) , an AP invades the nerve terminal and opens voltagesensitive Ca2+ channels, thereby rapidly increasing the local
[Ca2+] to 100-500 ,UM at discrete submembrane regions or microdomains (Llinas, Sugimori & Silver, 1995) . A Ca2+ sensor then initiates the fusion of neurotransmittercontaining synaptic vesicles (Augustine et al. 1987) . Much of what has been inferred about the kinetics and magnitude of the highly localized [Ca2+] changes in synaptic terminals is derived from mathematical models (Simon & Llinas, 1985; Zucker & Fogelson, 1986 (Sabatini & Regehr, 1996; Sinha, Wu & Saggau, 1997) . Moreover, these studies highlighted the kinetic differences between transients measured using fast (low affinity) and slow (high affinity) indicators. Previous work in the squid giant synapse, using aequorin and arsenazo III as Ca2+ indicators (Llina's & Nicholson, 1975; Miledi & Parker, 1981; Charlton, Smith & Zucker, 1982) , demonstrated that intracellular [Ca2+] changes in response to single APs could be measured in a single cell simultaneously with a postsynaptic response. However, the slow response and complex stoichiometry of these Ca2+ indicators compromised the ability to establish a cause and effect relationship between single Ca2+ transients and neurotransmitter release.
In the present study, we have employed patch-clamp and spot-detection (Escobar, Monck, Fernandez & Vergara, 1994) MgCl2, 10 EGTA (to minimize myocyte contractility), 2 ATP-Tris, 0 5 GTP, and 2 phosphocreatine, pH 7 0 (2-3 MQ resistance).
Normal frog Ringer solution (NFR), consisting of (mM): 114 NaCl, 2-5 KCl, 10 Mops, 1P8 CaCl2, and 10 dextrose (pH 7 0), was used to bathe the cultures during recording periods. In experiments in which we did not patch clamp the myocyte (8 out of 26), 10 ,UM curare was added to NFR to block synaptically evoked myocyte contraction. Cell culture imaging and fluorescence spot detection Nerve-muscle co-cultures were prepared from dissociated neural chord tissue obtained from embryos as described previously (Yazejian et al. 1997) . In brief, stage 20-22 Xenopus laevis embryos were rinsed in sterile 10% NFR and then killed by s'wering the neural tube region. Isolated neural and somite tissue was allowed to dissociate in Ca2+-and Mg2+-free Ringer solution for 30-60 min.
The dissociated cells were plated onto glass coverslips and allowed to grow for 20-24 h (at 22-24°C) prior to experimental use. Figure 1A and B illustrates typical motoneuron (n) and myocyte (m) morphology. The images were acquired with a cooled CCD camera (MCD-600, Spectra Source, Agoura Hills, CA, USA) on an inverted epifluorescence microscope (Diaphot, Nikon, Japan) using a x 40 objective lens (numerical aperture (NA), 0 75; Nikon). The phase-contrast image in Fig. IA shows a typical whole-cell patch configuration in which the neuronal patch electrode (left; *) was used to load the motoneuron with Ca2+ indicator, and the myocyte patch electrode (right; *) was used to assay evoked endplate synaptic currents (EPSCs). The Ca2+ indicator OGB-5N was allowed to diffuse throughout the cell body and axon for -20 min subsequent to breakthrough and prior to optical recordings. In general, dialysis and diffusion times ranged from 10 to 60 min. Figure 1 CE documents the spot-detection system at a neuromuscular junction from which fluorescence transients were measured. The images were acquired using an oil-immersion objective lens (Plan Fluor Phase x 100, 1-3 NA; Nikon). Nerve terminals were visualized using either phase contrast (e.g. nt,
Fig. 1 C) or fluorescence ( Fig. 1D ) to identify a region of nerve-muscle contact *where AP-induced fluorescence transients could be measured. The spot illumination/detection configuration was similar to that described previously (Escobar et al. 1994) . A laser-illuminated pinhole (5 #sm) was focused to a spot (arrow in . Using the dimensions of the active area of the photodiode and the illumination spot, and according to confocal fluorescence theory (Wilson, 1990) , the predicted detection volume was approximately 0 7 x 0 7 x 1 3 #sm3. The current output of the photodiode was amplified using an Axopatch-1B amplifier (50 GQ feedback; Axon Instruments, Foster City, CA, USA). The output voltages were filtered with an 8-pole Bessel filter (Frequency Devices, Haverhill, MA, USA) at corner frequencies ranging from 300 Hz to 2 kHz. Electrophysiology Neuronal cell body APs and evoked EPSCs were recorded using a traditional whole-cell patch-clamp method (Yazejian et al. 1997) . Cell body APs were recorded with an Axopatch 200B amplifier in 'I-fast' current-clamp mode and filtered at 5 kHz (4-pole Bessel).
Nae-dependent APs (Yazejian et al. 1997) were elicited by suprathreshold current pulses delivered to the neuronal cell body through the patch pipette. Myocytes were voltage clamped at a holding potential of -80 mV with an Axopatch-lA patch amplifier. AP-evoked EPSCs were filtered at 5 kHz.
Neuronal, myocyte, and fluorescence recordings were acquired at 14-56 kHz with a Digidata 1200A (Axon Instruments) data acquisition unit. The duration of the laser illumination required for acquiring fluorescence records was limited to between 400 to 500 ms to minimize local damage, usually indicated by increased baseline fluorescence and diminished signals. Consecutive records were obtained at intervals greater than 30 s to avoid accumulated damage. All experiments were performed at room temperature (19-21°C).
Equilibrium properties of fluorescent Ca2+ indicators
In vitro calibrations of the Ca2P indicators were performed using pCa 9 to 1 (Escobar, Velez, Kim, Cifuentes, Fill & Vergara, 1997 (Vergara & DiFranco, 1992) . Figure 2A shows Figure 2B shows the results from another cell loaded with the low affinity Ca2+ indicator OGB-5N. Unlike fluorescence transients measured using OGB-2, the AP-evoked OGB-5N fluorescence transient (trace b) had a time course that was more comparable to the corresponding EPSC (trace c). The rising phase of the fluorescence transient was much faster (tX = 0 4 ms) and the peak was sharper than that of the OGB-2 fluorescence transient ( Fig. 2A) 
RESULTS

Presynaptic Ca2+ transients elicited by single APs
Presynaptic Ca2+ transients elicited by a brief train of APs
To further explore the presynaptic Ca2' dynamics depicted by high and low affinity indicators, we investigated their response to tetanic stimulation. Figure 2C shows an OGB-2 fluorescence signal (trace b) elicited by a train of three APs at 15 ms intervals (trace a). Figure 2D illustrates the results from a different cell in which a similar train (trace a) elicited an OGB-5N fluorescence record (trace b The scale bar represents 1 /tsm. In A and B, the small arrows indicate the end of the current stimulus.
The records in Fig. 2 and the data summarized in Table 1 illustrate that the kinetics of OGB-2 fluorescence transients are slower than that of OGB-5N transients. These results can be explained given that low affinity indicators are less liable to depict a distorted time course of underlying fast [Ca2+] changes than are higher affinity indicators (Escobar et al. 1994; Regehr & Atluri, 1995; Escobar et al. 1997 (Sabatini & Regehr, 1996; Sinha et al. 1997) .
Most preparations in which AP-induced presynaptic Ca2+ transients have been measured using low affinity indicators do not exhibit the rapid decay phase (r, -2 ms) present in our OGB-5N transients (however, see Sugimori, Lang, Silver & Llina's, 1994) . In multicellular preparations the tA of decay ranged between 30 and 40 ms (Regehr & Atluri, 1995; Sinha et al. 1997) , and in the synapse of Held, the decay time constant was found to be 100 ms (Helmchen, Borst & Sakmann, 1997 (Fogelson & Zucker, 1985; Simon & Llinas, 1985; Roberts, 1994 
